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We explore the applications of spin noise spectroscopy (SNS) for detection of the spin properties
of atomic ensembles in and out of equilibrium. In SNS, a linearly polarized far-detuned probe beam
on passing through an ensemble of atomic spins acquires the information of the spin correlations of
the system which is extracted using its time-resolved Faraday-rotation noise. We measure various
atomic, magnetic and sub-atomic properties as well as perform precision magnetometry using SNS
in rubidium atomic vapor in thermal equilibrium. Thereafter, we manipulate the relative spin pop-
ulations between different ground state hyperfine levels of rubidium by controlled optical pumping
which drives the system out of equilibrium. We then apply SNS to probe such spin imbalance non-
perturbatively. We further use this driven atomic vapor to demonstrate that SNS can have better
resolution than typical absorption spectroscopy in detecting spectral lines in the presence of various
spectral broadening mechanisms.
I. INTRODUCTION
Control of spin population and its simultaneous non-
destructive detection play a crucial role in diverse scien-
tific fields such as atom interferometry [1], precision mag-
netometry [2], atomic clocks [3], quantum simulation [4]
and quantum information processing [5]. While exter-
nal magnetic fields and optical pumping can be used to
manipulate the spin polarization and population in an
atomic system, spin noise spectroscopy (SNS) [6–8] pro-
vides a means of the detection of such spin coherences
∗ mswar@rri.res.in
† srishic@rri.res.in
‡ sanjukta@rri.res.in
by probing spontaneous spin fluctuations of the system
via an off-resonant laser beam, and is relatively non-
perturbative as compared to the traditional absorption
spectroscopy. In this work, we show that SNS can mea-
sure different spin properties of rubidium (Rb) vapor not
only in equilibrium systems, but also in systems driven
out of equilibrium.
The random fluctuations over space and time are
prevalent in a wide variety of physical systems, and they
can be a valuable resource for probing the characteristic
nature and internal structure of the systems. Examples
of such fluctuations or noise include the Brownian motion
of pollen grains in water, the Johnson noise due to ther-
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2mal agitation of the electrons in an electrical conductor
[9], the intensity fluctuations in the emission of random
lasers [10, 11] and the stochastic fluctuations in clonal
cellular constituents [12, 13].
The optical SNS technique has been developed by
Aleksandrov and Zapasskii [14] to passively probe intrin-
sic spin fluctuations or magnetization noise in a thermal
ensemble of spins. These spin ensembles can be made of
electron spins in atomic systems and spins of electrons or
holes in semiconductors and other solid-state materials.
A study of SNS in alkali atomic vapor of Rb and potas-
sium (K) in thermodynamic equilibrium was carried out
by [15], which indicated that the electronic and nuclear g-
factors, isotope abundance ratios, nuclear moments and
hyperfine splittings could be measured. The first suc-
cessful application of SNS to a solid-state system was
performed by [16], for measuring the electron’s Lande g-
factor and spin relaxation time in a n-doped GaAs semi-
conductor. There has been significant progress in the
recent years to extend the applicability of SNS [17–32].
First, we perform the SNS of Rb atoms in thermal
equilibrium. We demonstrate accurate measurements of
several physical quantities such as electron’s g-factor, nu-
clear g-factor, isotope abundance ratios, and develop pre-
cision magnetometry with our thermal Rb vapor in the
presence of a static magnetic field perpendicular to probe
laser. While prior measurements have been reported
[15, 17] of several of these quantities using SNS technique,
we are able to refine some of these estimates especially
for isotope abundance ratios and nuclear g-factor. We
then apply an optical pumping beam to control relative
spin population in the ground state hyperfine levels of Rb
atoms. This is realized by an on-resonance pump beam
nearly co-propagating with the far-detuned probe beam.
The optical pumping drives the system out of equilib-
rium. We then show that SNS can be used to determine
spin imbalance in different ground state hyperfine lev-
els without disturbing the non-equilibrium steady-state
of the system. We also show that the spin noise (SN)
spectra from the optically pumped atoms have better
resolution than typical absorption spectra from the same
system. Therefore, the SNS can be used in resolving spec-
tral lines of a non-equilibrium system in the presence of
various spectral broadening mechanisms.
This paper is organized as follows: We provide a brief
theoretical description of SNS in Sec. II. In Sec. III, the
experimental set-up and measurement methods are pre-
sented in detail. In Sec. IV, we describe measurements
and results of SNS in Rb vapor in thermal equilibrium.
The results of SNS for optically pumped Rb vapor are
given in Sec. V. The final Sec. VI comprises a conclusion
and an outlook.
II. THEORY
Let us consider an ensemble of non-interacting spins in
thermal equilibrium at some temperature. The equilib-
rium is achieved through interactions between these spins
and a thermal bath surrounding them. The presence of
3the thermal bath induces fluctuations in spin polariza-
tion over time. Nevertheless, the time-averaged value of
the spin polarization or magnetization, 〈M(t)〉T→∞ (T
is the total averaging time) along any arbitrary quanti-
zation axis is zero for a paramagnetic system. However,
the variance of the magnetization is non-zero. Within
the optical SNS technique, a linearly polarized laser light
on passing through such a paramagnetic sample can pas-
sively detect these magnetization fluctuations along the
light propagation in its time-resolved Faraday rotation
noise [7, 15]. Such detection is feasible as the magne-
tization fluctuations in a paramagnetic sample alter its
optical properties which lead to Faraday rotation noise.
The probe beam is kept far-detuned (with a detuning δp)
from any allowed optical transition of the medium to en-
sure negligible scattering by the medium making SNS a
relatively non-invasive technique.
The intrinsic fluctuations of the spin polarization re-
veal the characteristic relaxation times of the system.
In the presence of a constant magnetic field, the spon-
taneous spin polarization precesses at the Larmor fre-
quency about the magnetic field. Assuming a single ex-
ponential spin relaxation time T2 and a magnetic field
B⊥ being orthogonal to the probe laser propagation (ẑ),
we can obtain the temporal correlation of magnetization
along the probe beam from the Bloch equation:
〈Mz(t)Mz(0)〉 ∝ cos(νLt)e−t/T2 , (1)
where the Larmor frequency νL = gFµBB⊥/h, gF is the
g-factor of the hyperfine F -levels, µB is the Bohr mag-
neton and h is the Planck’s constant.
The measured Faraday rotation fluctuation
〈θF (t)θF (0)〉 (θF (t) is the Faraday rotation angle
at time t) is a direct probe of the magnetization fluctua-
tion 〈Mz(t)Mz(0)〉 of the system in thermal equilibrium
and its Fourier transform to spectral frequency ν is the
power spectral density P (ν) of the spin noise. Therefore,
P (ν > 0) =
∫ ∞
0
dt cos(νt)〈θF (t)θF (0)〉
∝ 1/T2
(ν − νL)2 + 1/T 22
, (2)
where we have used Eq. 1 in the last line. So, the SN
power spectrum has a Lorentzian lineshape centred at
νL in frequency domain (refer to the peaks in the SN
amplitude spectrum
√
P (ν > 0) in Fig. 1(b) for 87Rb or
85Rb) and its full width at half maxima (FWHM) is pro-
portional to 1/T2.
The energy EF,mF of hyperfine F -levels for alkali
atoms in an arbitrary magnetic field B⊥ has an exact
expression following Breit and Rabi [33],
EF=I± 12 ,mF = −
h∆hf
2(2I + 1)
+ gIµBB⊥mF
± h∆hf
2
√
1 +
4mF
2I + 1
x+ x2, (3)
where h∆hf, gI and mF are the zero-field hyperfine sep-
aration between the levels F = I + 12 and F = I − 12 , the
nuclear g-factor and the magnetic quantum number, re-
spectively. Here, x = (gJ − gI)µBB⊥/(h∆hf) where gJ is
the Lande g-factor and the nuclear spin I = 3/2 for 87Rb.
Since, the SNS detects the spin coherences between dif-
ferent Zeeman sub-levels (4mF = ±1), the frequencies
of different magnetic resonance peaks have a nonlinear
4dependence on B⊥ [34].
The integrated SN power over frequency, χ ≡∫
dνP (ν > 0), depends on the probe detuning as χ ∝ δ−2p
[17] and is symmetric about the atomic resonance fre-
quency for a far-detuned probe beam (where δp  Γ, Γ
being the width of the absorption spectra). However, this
integrated SN power χ becomes asymmetric over δp for
δp ≈ 0 due to the non-vanishing coherences between the
ground and excited state hyperfine levels of the atoms
[35]. This asymmetry in χ is shown later in this paper
in Fig. 8(b,d). The asymmetry in χ also depends on the
homogeneous and inhomogeneous broadening present in
the medium [24, 35].
III. EXPERIMENTAL SET-UP AND METHODS
The schematic of the experimental set-up is shown in
Fig. 1(a). A linearly polarized probe laser beam with
tunable frequency νp is sent through a 20 mm long glass
cell containing enriched 87Rb vapor. This probe beam
is derived from a grating stabilized external cavity diode
laser in Littrow configuration having an instantaneous
linewidth below 1 MHz. The probe beam with a Gaus-
sian profile is focused inside the atomic vapor to a 1/e2
waist size of 45 µm at the focal plane and a Rayleigh
range of 4 mm. In order to study the dependence of the
SN spectra on the probe beam detuning δp, the probe
frequency νp is varied over a large range of frequencies
(∼ 25 GHz). The relevant energy-levels of 87Rb are de-
picted in Fig. 2. Special care is taken so that the laser
Fig. 1. (a) Schematic of the experimental set-up for measuring
spin noise (SN) spectrum. A probe beam along zˆ is focused
by a plano-convex lens before entering the vapor cell. The
transmitted probe beam is sent through a polarimetric set-
up comprising of a half-wave plate (HWP) and a polarizing
beam splitter (PBS), and then it is collected by a balanced
photo-detector which is connected to a spectrum analyzer. A
constant magnetic field B⊥ along xˆ is applied on the atomic
vapor using two magnetic coils in Helmholtz configuration.
(b) A typical SN amplitude spectrum at B⊥ = 6.95 G and
vapor cell temperature of 105◦C is shown for a probe detun-
ing δp = −10.2 GHz. The stronger and weaker peaks are
identified with 87Rb (|gF | = 1/2) and 85Rb (|gF | = 1/3) re-
spectively.
operates in a mode-hop free regime. The frequency νp
of the probe beam is measured using a commercial wave-
length meter (HighFinesse, model-WSU2) with a relative
accuracy of ± 1 MHz.
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Fig. 2. Energy level diagram for D2 transition of
87Rb atoms.
The two ground state hyperfine levels (F = 1 and F = 2)
are separated by ∼ 6.8 GHz. The probe laser frequency νp
is detuned by δp from the F = 2 → F ′ = 3 transition, i.e.,
δp = νp − νF=2→F ′=3, where νF=2→F ′=3 is the frequency be-
tween F = 2 and F ′ = 3 hyperfine levels. The Zeeman sub-
levels of the ground state hyperfine levels in the presence of
external magnetic field are depicted. The selected transitions
for optical pumping of atoms by a control laser of frequency
νc are also shown.
The glass cell is filled with neon buffer gas at a pressure
of 200 mbar in order to make the medium diffusive for Rb
atoms. This increases the transverse transit time of the
atoms across the probe beam from ∼ 200 ns to ∼ 100
µs providing sufficient time for acquiring time resolved
Faraday rotation signal for the accurate detection of the
atomic properties. We collect each real-time Faraday ro-
tation signal for relatively longer time duration than the
transit time. However, the spin life-time of Rb atoms
at room temperature is of the order of milliseconds, [36]
which is much longer than the above transverse transit
time (∼ 100 µs). The inert gas neon is chosen because the
collisions between Rb and neon do not change the spin
state of the Rb atoms. The vapor cell is connected to a
controllable heater in order to vary the number density
of the atomic spin ensemble.
The atoms are subjected to a uniform, constant mag-
netic field (B⊥xˆ) perpendicular to the direction of prop-
agation of the probe beam (zˆ). This field, generated us-
ing two circular coils in Helmholtz configuration, is uni-
form along the length of the cell within ±0.4%. The en-
tire experimental set-up is shielded with a mild-steel box
(µ/µ0 = 2000) to avoid any unwanted stray magnetic
field.
The probe beam after passing through the glass cell is
separated into s- and p-polarized components using a po-
larization sensitive set-up as shown in Fig. 1(a). The two
components are then fed into the two ports of a balanced
photo detector (Newport model no. 1807-FS) that has a
3 dB bandwidth of 80 MHz and a good common mode re-
jection ratio of 25 dB. The output of the balanced detec-
tor is directly connected to a spectrum analyzer (Agilent
CSA Spectrum Analyzer Model no. N1996A, frequency
range 100 kHz - 3 GHz) whose resolution bandwidth is
adjusted between 100 Hz to 1 kHz. The spectrum an-
alyzer was set on continuous averaging mode for two to
five minutes for recording various SN spectra presented
in this paper.
6IV. MEASUREMENTS AND RESULTS IN
EQUILIBRIUM
A typical spin noise spectrum of Rb atoms in ther-
mal equilibrium at low B⊥ (= 6.95 G) is presented in
Fig. 1(b). This signal was obtained with the vapor cell
at 105◦C and a p-polarized (εˆ ‖ xˆ), 300 µW probe
beam. The probe beam is red-detuned by 10.2 GHz
with respect to the D2 transition (at ∼ 780 nm) of 87Rb,
F = 2 → F ′ = 3. Two distinct noise peaks, one at
3.24 MHz and another at 4.87 MHz, are observed and
identified as arising due to spin fluctuations among the
intra-hyperfine Zeeman sublevels (4F = 0, 4mF = ±1)
of 85Rb and 87Rb, respectively. The photon shot noise
background of ∼ 350 nV.Hz−1/2 is subtracted from the
noise spectrum. The observed SN peaks are very narrow
(< 100 kHz) and the peak positions (which occur at the
νL) can be detected with a precision of ∼ 1 part in 105.
This makes it possible to employ SNS for a variety of pre-
cision measurements as we demonstrate in the following
sections.
A. Measurements of g-factors and isotope
abundance
Fig. 3(a) shows SN spectra at three representative val-
ues of B⊥ illustrating that the two noise peaks, corre-
sponding to 87Rb and 85Rb, shift in positions with B⊥.
Fig. 3(b) gives the variation in the position of these noise
peaks as a function of B⊥. The bright (faint) trace cor-
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Fig. 3. (a) Spin noise (SN) spectra at various B⊥ are pre-
sented. The linear shift of the noise peaks with B⊥ suggests
a linear Zeeman effect of the ground state hyperfine levels in
that B⊥ range. (b) A 2-D false color mapping shows the SN
peak positions for 85Rb and 87Rb as a function of B⊥. The
bright (faint) trace is for 87Rb (85Rb) SN signal. The noise
signal strength of 87Rb and 85Rb for each spectrum is plotted
after normalizing the signal by the SN peak strength of 87Rb.
The slopes of these traces reveal |gF | of Rb isotopes.
responds to the spin noise peak positions of 87Rb (85Rb)
atoms. The linear dependence of the peak positions
on B⊥ indicates that the system is in the linear Zee-
man regime. The slope of these lines give a measure
of the g-factor |gF | for the ground state hyperfine lev-
7els. The g-factors obtained from our measurements are
|gF | = 0.500(±0.001) for 87Rb and |gF | = 0.333(±0.001)
for 85Rb which are in excellent agreement with the theo-
retical values.
Our measurements were made with an enriched 87Rb
vapor cell. Traditional absorption spectroscopy did not
show the presence of the isotope 85Rb. However, SN
spectra clearly indicate the presence of both isotopes in
the cell. From the ratio of the total integrated SN power
(χ) of the two peaks, we estimate an abundance ratio
of 87Rb : 85Rb = 11 : 1 from Fig. 1(b). This shows that
SNS is a very sensitive technique for detecting abundance
ratios of various isotopes with high precision even when
present in minute quantities.
B. Precision magnetometry
On increasing the magnitude of the applied magnetic
field (B⊥), the spin noise spectra is observed (Fig. 4(a))
to broaden (B⊥ ∼ 25 − 40 G) and to split into well-
resolved peaks at even higher B⊥ (> 60 G). At such high
fields, the system is clearly in non-linear Zeeman regime
(Eq. 3). A false-color mapping of the measured nonlinear
Zeeman splitting of the ground state hyperfine levels of
87Rb atoms as a function of B⊥ is shown in Fig. 4(b).
The individual noise peaks in the SN spectrum for
a higher B⊥ (> 60 G) can be identified as the transi-
tions between different Zeeman sub-levels of the ground
state hyperfine levels. These are shown in the inset of
Fig. 5 where P1 denotes the magnetic resonance fre-
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Fig. 4. Broadening and splitting of the spin noise (SN)
spectrum with increasing B⊥. (a) SN spectra for 87Rb at
B⊥ = 2.7 G, 31.27 G, 125 G. The origin of the frequency
in these spectra is shifted to the central Larmor frequency
νL = gFµBB⊥/h. The other parameters are: probe power
= 400µW, δp = −10.6 GHz, cell temperature = 105◦C. (b)
Visual realization of the nonlinear Zeeman effect of ground
state hyperfine levels with increasing B⊥. Each spectrum is
normalized by the strongest peak in the SN signal.
quency between (F = 2,mF = 2) ↔ (F = 2,mF = 1)
and P2 for the magnetic resonance frequency between
(F = 2,mF = 1) ↔ (F = 2,mF = 0) and so on.
Fig. 4(b) shows nonlinear dependence of each noise peak
frequency on B⊥. However, the sum of all four noise peak
8frequencies,
S = P1 + P2 + P3 + P4 =
µB
h
(3gI + gJ)B⊥, (4)
depends linearly on B⊥. Using the values of
P1, P2, P3, P4 determined from the measured SN spec-
trum one can estimate B⊥ using Eq. 4, substituting the
values of µB , h, gI , gJ , which are already known to high
precision. As the observed SN peaks are extremely nar-
row (FWHM < 100 kHz) and the peak positions can be
determined with an accuracy of one part in 105, we can
therefore measure an external magnetic field within that
same order of relative error, of one part in 105, for the
range of B⊥ where noise peaks are separable. Thus SNS
provides a simple means of precision magnetometry.
Now we rewrite Eq. 3 for 87Rb as
EF=2,mF = −
h∆hf
8
+
hgI
(gJ − gI) (αS)mF
+
h
2
√
∆2hf + ∆hf(αS)mF + (αS)
2, (5)
where α = (gJ − gI)/(gJ + 3gI). In Fig. 5, we plot, as a
function of αS, the noise peak separations ((P4 − P1),
(P4 − P2) ... (P2 − P1)) calculated from Eq. 5 using
known values of h, gI , gJ ,∆hf. Superposed on the plot
are the experimentally obtained noise peak separations
shown as solid symbols. Then, we note down the x-errors
between the experimentally obtained peak separations
and those from the calculated curves. The root-mean-
square value of the x-errors gives an estimate of the error
in measuring the external magnetic field. We find that
the error is within 500 µG in our measurement range
of B⊥ between 60 G to 150 G. This accuracy surpasses
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Fig. 5. Measurement of magnetic field B⊥ and ∆hf using spin
noise spectroscopy. P1, P2, P3 and P4 indicate the position
of spin noise peaks (corresponding to Zeeman sub-levels of
F = 2) as can be seen from the raw data in the inset. The
measured frequency separation between different noise peaks
are plotted against measured αS (refer to the text). The
bold lines are obtained from the Breit-Rabi formula in Eq. 5
with known parameters for error analysis in magnetic field
measurements. The experimental parameters are the same as
in Fig. 4.
the standard Hall probe based magnetometers by nearly
two orders of magnitude. Moreover, this high precision
measurement of magnetic field is an in-situ detection,
without requiring the physical placement of a separate
probe.
In Fig. 5, we have also fitted the experimentally ob-
tained values of (P4 − P1), (P4 − P2) ... (P2 − P1)
using Eq. 5 keeping ∆hf as a free parameter. From these
fittings, we extract the value of the zero-field hyperfine
constant ∆hf ∼ 6805.5(±7.2) MHz.
9C. Nuclear g-factor from SNS
In the presence of B⊥, the energy separations between
similar magnetic (Zeeman) transitions from different hy-
perfine ground states (F,mF ) such as, (2, 1)↔ (2, 0) and
(1, 1)↔ (1, 0) or (2, 0)↔ (2,−1) and (1, 0)↔ (1,−1) in
Fig. 2, are determined by the second term in Eq. 3 aris-
ing out of the nuclear spin. However, since the value of
nuclear g-factor (gI) is small, the contribution of this
term is negligible for low magnetic fields. Therefore,
the SN peaks from (2, 1) ↔ (2, 0) and (1, 1) ↔ (1, 0)
are almost unresolved for B⊥ < 150 G in our case.
At high magnetic fields (> 150 G), we can resolve the
SN peaks from all available Zeeman transitions when
their separations are more than the width of the indi-
vidual peaks. Six distinct SN peaks from the allowed
4F = 0, 4mF = ±1 transitions of 87Rb are observed
in Fig. 6 at B⊥ = 160 G. The value of gI can be
precisely obtained by measuring the separation between
(2, 1) ↔ (2, 0) and (1, 1) ↔ (1, 0) (also (2, 0) ↔ (2,−1)
and (1, 0) ↔ (1,−1)). From a series of such mea-
surements, the experimentally estimated gI for
87Rb in
our experiment is −0.00100627(±0.00002558), where the
quantity in the bracket refers to the 1σ error.
V. MEASUREMENTS AND RESULTS IN
OPTICALLY PUMPED VAPOR
Thus far, we have explored SNS in an equilibrium ther-
mal vapor. We now report the measurements on out-of-
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Fig. 6. Spin noise spectrum with resolved all-allowed Zee-
man transitions (4F = 0, 4mF = ±1) of ground state hy-
perfine levels in 87Rb. The parameters are B⊥ = 160 G,
probe power = 750 µW, δp = −10.6 GHz, cell temperature =
105◦C. The value of nuclear g-factor (gI) is precisely obtained
and reported in the text by measuring the separation between
(2, 1) ↔ (2, 0) and (1, 1) ↔ (1, 0) (also (2, 0) ↔ (2,−1) and
(1, 0)↔ (1,−1)) in a series of measurements.
equilibrium systems where we use optical fields to ma-
nipulate spin populations in the different ground state
hyperfine levels. Recently, the SNS was employed to de-
tect couplings and correlations between different spin co-
herences in a non-equilibrium atomic vapor [37]. In the
experiment in [37], the Zeeman sub-levels of the ground
state hyperfine levels of 41K are driven by a weak ra-
dio frequency magnetic field which brings the vapor out
of equilibrium. In contrast, we apply an optical control
beam between the ground state hyperfine levels and the
excited state hyperfine levels to drive as well as control
the spin populations. The control beam is linearly polar-
10
ized and almost co-propagating with the probe beam.
In our experiment, the control beam is derived from
an independent tunable external cavity diode laser. The
Rb atoms in the vapor cell are optically pumped to the
desired ground state hyperfine levels by tuning the fre-
quency νc and the intensity Ic of the pump laser. Sub-
stantial modifications of the SNS signals are observed
depending upon the relative ground state hyperfine level
populations of the vapor.
A. Detection of spin imbalance
Here, we implement the off-resonant SNS to probe the
spin imbalance in an optically driven system without ap-
plying further perturbation [38]. In the absence of the
pump beam, six spin coherences are seen in the SN spec-
trum in Fig. 7(b) as is expected from an ensemble of
atoms with population in both the ground state hyper-
fine levels (F = 1, 2). On setting the frequency νc of the
control beam on resonance to the F = 1→ F ′ = 2 tran-
sition of 87Rb (see Fig. 2), a fraction of atoms is pumped
out of the ground F = 1 level depending on the inten-
sity Ic of the pump. This is evident in Fig. 7(a) where
only four SN peaks related to F = 2,4mF = ±1 are
observed at the highest Ic. On the other hand, when the
atoms are pumped out of the ground F = 2 level us-
ing a pump beam resonant with the F = 2 → F ′ = 2
transition, the SN spectrum reduces to two peaks re-
lated to F = 1,4mF = ±1 spin coherences. This is
shown in Fig. 7(c) for different pump beam intensities.
Fig. 7. Spin noise (SN) spectra in and out of equilibrium
87Rb atoms. (a) SN spectra with a pump beam on resonant
to F = 1 → F ′ = 2 optical transition for various pump
beam intensities Ic. (b) SN spectrum in thermal equilibrium
(without optical pump beam). (c) SN spectra with a pump
beam on resonant to F = 2 → F ′ = 2 optical transition for
different pump beam intensities Ic. For all panels, B⊥ = 160
G, δp = −10.6 GHz and cell temperature = 105◦C.
This clearly shows that the spin populations in differ-
ent ground state hyperfine levels is reflected in the SN
spectra. Such relatively non-invasive detection of spin
states in a non-equilibrium atomic system may find ap-
plications in atom interferometry [1], atomic clocks [3]
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and gravimetry [39].
B. Resolving spectral lines
The enriched 87Rb vapor cell used in our experiments
contained a buffer gas (neon), and thus the conventional
absorption spectra that we measure suffers broadening
mainly due to homogeneous pressure broadening [40–42]
and modestly due to inhomogeneous Doppler broadening.
The transmission of the probe through the atomic vapor
at 90◦C is studied in the absence and presence of an op-
tical control beam as shown in Fig. 8(a,c). The detuning
δp of the probe beam was varied over a wide range (−10
GHz to 12 GHz) which covers both the F = 2→ F ′ and
F = 1 → F ′ transition lines. In the absence of a pump
beam in Fig. 8(a), the probe transmission as a function
of δp shows a single dip situated between the transition
lines. The integrated SN power χ from the Rb vapor also
shows a single dip in Fig. 8(b) in the absence of optical
pumping. Thus, both the absorption spectroscopy and
SNS fail to detect F = 2 → F ′ and F = 1 → F ′ tran-
sition lines separately. Nevertheless, the dip in χ seems
to indicate a red-detuned F = 2 → F ′ transition as ex-
pected in the presence of neon buffer gas [42].
In the case of an optically pumped atomic ensemble,
the probe transmission (Fig. 8(c)) can detect the above
two optical transitions independently. In Fig. 8(d), we
show the integrated SN power χ with the probe detuning
δp when the atoms are optically pumped to either F = 2
or F = 1 level by a pump intensity Ic > 50Isat. We
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Fig. 8. Comparison between absorption spectroscopy and spin
noise spectroscopy in resolving spectral lines in a buffer gas
filled Rb vapor cell in the absence (a,b) and presence (c,d) of
optical pumping. (a,c) Probe transmission vs. probe beam
detuning, δp defined in Fig. 2. (b,d) Integrated spin noise
(SN) power χ from 87Rb atoms vs. δp. Red triangles (blue
squares) depict probe transmission and integrated SN power
χ from optically pumped F = 2 (F = 1) atoms. The lines
joining the data points are a guide to the eye. For all panels,
B⊥ = 7.12 G and cell temperature = 90◦C.
observe a dip in each integrated SN power near F =
2 → F ′ or F = 1 → F ′ transition lines. Therefore, the
SNS can also be used to resolve the spectral lines in a
driven atomic system [24]. Moreover, SNS has a better
resolution (around three times in Fig. 8(d) than Fig. 8(c))
over the absorption spectroscopy [24].
We can also detect these transitions by tuning the fre-
quency νc of the pump beam instead of the probe beam.
Here we keep the probe detuning δp fixed at −10 GHz
from F = 2→ F ′ transition (and around −16.8 GHz de-
12
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Fig. 9. Resolving spectral lines of 87Rb atoms in the presence
of neon buffer gas by tuning the pump beam frequency νc.
Here, the probe beam detuning δp = −10 GHz and the pump
beam intensity Ic ∼ 50Isat. The black dotted horizontal line
represents the integrated spin noise power χ without optical
pumping. The line joining the data points are a guide to the
eye.
tuned from F = 1 → F ′ transition). Therefore, most of
the contribution in the SN signal comes from the F = 2
level. We tune the frequency νc of the pump beam from
−10 GHz to 10 GHz around F = 2 → F ′ = 3 transi-
tion. We plot the integrated SN power χ as a function of
the pump beam detuning in Fig. 9, and observe a clear
dip near F = 2 → F ′ transition and a prominent peak
near F = 1 → F ′ transition. Therefore, unlike conven-
tional spectroscopy, in the case of SNS, we have the free-
dom to scan the pump beam for detecting the spectral
lines instead of applying the pump beam at a particular
known frequency as in Fig. 8(c,d). This, we believe, will
be of particular advantage, when we wish to probe local
environment-induced energy level shifts, or in resolving
ground state levels in complex molecular and condensed
matter systems where one has incomplete knowledge of
energy levels.
VI. CONCLUSION AND OUTLOOK
We explore the SNS technique in atomic vapor of Rb
in thermal equilibrium as well as in a system driven out
of equilibrium by optical pumping. Optical pumping is
a commonly used technique in atomic and optical sci-
ence and technology. To the best of our knowledge, the
present study is the first implementation of SNS in an
optically pumped atomic system. Our effort to combine
the SNS and the optical pumping has the potential for
use in magnetometry with alkali atoms [43]. There are
important applications of such precision magnetometry,
e.g., in cold atom experiments where narrow Feshbach
resonances [44] are used extensively with the resonances
occurring at magnetic fields ranging from a few Gauss
to a few hundred Gauss. In those experiments, measur-
ing the external fields with ultra-high precision will be
hugely beneficial in fixing the interaction energy scale.
We also extend the applicability of SNS in precision mea-
surements of various atomic, nuclear and magnetic prop-
erties in equilibrium systems.
The relatively non-perturbative nature of SNS makes
it a versatile non-invasive detection technique which can
be utilized in a wide range of physical systems in atomic,
molecular and condensed matter systems. Recently, some
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measurements of spin polarization in ultracold atoms
via Faraday rotation of a far-detuned probe beam were
carried out as a non-destructive imaging technique [45–
48]. We are interested to further implement SNS us-
ing Faraday rotation noise in ultracold atoms and Bose-
Einstein condensates where it may have significant appli-
cation in quantum non-demolition measurements. How-
ever, acquiring sufficient time-resolved Faraday-rotation
noise from such ultracold atomic systems poses a chal-
lenge.
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